We used combined two-dimensional and pulsed Doppler echocardiography to examine 37 infants and children with coarctation of the aorta and 19 normal subjects. The ages ranged from 1 day to 16 years. We compared the differences between the Doppler flow signal from the ascending aorta and the descending aorta below the coarctation in each patient, as well as the differences between the corresponding flow signals in the aorta of patients with coarctation and normal subjects. Six variables were measured from each Doppler signal: acceleration slope (peak rate of acceleration), acceleration time (time from onset of flow to the peak systolic frequency), antegrade flow time, peak systolic frequency, peak velocity of flow, and deceleration slope (peak rate of deceleration). In patients with coarctation, each of these variables was significantly different in the descending aorta compared with the ascending aorta. There was a decrease in the acceleration slope (14 ± 13 vs 87 ± 67 kHz/sec) (mean ± SD), peak systolic frequency (1.8 ± 1.0 vs 5.2 ± 1.9 kHz), peak velocity of flow (0.70 + 0.40 vs 1.4 ± 0.44 m/sec), and deceleration slope (11 ± 11 vs 27 ± 12 kHz/sec). There was also a prolongation of the acceleration time (140 ± 50 vs 88 22 msec) and antegrade flow time (330 + 120 vs 270 ± 50 msec). In addition, these variables in the descending aorta of patients with coarctation were significantly different from those in the descending aorta of normal subjects. In eight patients with coarctation and a patent ductus arteriosus, there was no difference in the antegrade flow time between the descending and ascending aorta (240 + 64 vs 230 + 20 msec), whereas this was significantly prolonged in the descending aorta compared with the ascending aorta in patients with coarctation and no patent ductus arteriosus (350 + 120 vs 280 ± 52 msec). Pulsed Doppler ultrasound is a useful modality for evaluating patients with suspected coarctation of the aorta. In the presence of a patent ductus arteriosus with coarctation, the antegrade flow time is not prolonged but the other indexes remain abnormal. This may provide a means of assessing response to administration of prostaglandin in critically ill newborns with coarctation. Circulation 73, No. 1
TWO-DIMENSIONAL echocardiography has been used to image coarctation of the aorta, but this technique does not always define the anatomy adequately or indicate severity. 1-5 Pulsed Doppler ultrasound signals in the ascending and descending aorta have been used to measure systemic blood flow.6 Distorted pulsed Doppler aortic flow signals have been noted in the descending abdominal aorta in the presence of coarctation.1 To define the characteristics of the pulsed Doppler signals associated with coarctation of the aor-ta, we evaluated the signals from the ascending and descending aorta in patients with coarctation and normal subjects.
Methods
We examined 56 infants and children with combined twodimensional echocardiography and pulsed Doppler ultrasound. Nineteen normal subjects were compared with 37 patients who had verified coarctation of the aorta, demonstrated at cardiac catheterization or surgery. The mean ages were 79.6 months (range 1 day to 16 years) in the normal subjects and 29.4 months (range 1 day to 15 years) in the patients with coarctation. Echocardiograms were obtained with an ATL Mark 500 or 600 system with full spectral output. In each patient, aortic spectral Doppler shift was obtained by placing the sample volume in the ascending and descending aorta. The signals were recorded with simultaneous electrocardiograms on videotape for later playback and analysis and were printed on silver iodide paper at a speed of 50 mm/sec. The ascending aorta was imaged in the suprastemal coronal or sagittal plane, and the sample volume was placed in the ascending aorta near the aortic valve (figure 1, DIAGNOSTIC METHODS COARCTATION tion from baseline to the peak systolic frequency (kHz/sec) and the deceleration slope as the peak rate of deceleration from the peak systolic frequency to the baseline (kHz/see) (figures 2 and 3). Acceleration time was measured as the time from the onset of antegrade flow to the peak systolic frequency (msec). The antegrade flow time was measured as the time from the onset of antegrade flow in the aorta to the point where the flow signal crossed the baseline (msec). In certain recordings, particularly in the descending aorta of patients with coarctatioin of the aorta, the Doppler signal would not always return to baseline. In these ASCENDING AORTA AFT AT DS AS FIGURE 1. Top, Coronal view from the suprastemal notch demonstrating the sample volume in the ascending aorta (AAo), near the aortic valve (AoV). 0 angle of insonation; I -inferior; IV innominate vein; L left; PA = pulmonary artery; R = right; S = superior. Bottom, Sagittal view from the subcostal position, demonstrating the sample volume in the descending aorta (DAo). A anterior; L liver; P postedor. Other abbreviations as above.
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JIkHz AFT r --, __,-_---1 .'C top). The plane with the angle most axial to flow, usually the suprasternal coronal plane, was selected to record the ascending aortic flow signal. The descending aortic Doppler signals were obtained with the transducer placed in the subcostal position with the descending aorta oriented in the sagittal body plane (figure 1, bottom). The sample volume was placed near the diaphragm, where it was distal to the area where turbulence from the coarntation mght be expected. The sample volume was moved slightly cranially or caudally to obtain a clear signal with the smallest recordable angle (theta 0) between the sound wave and the axial vector of blood flow. For each record, the angle theta and three consecutive cycles of good quality were analyzed. The measurements were made using a digital imaging system with electronic calipers (Microsonics). Wall filter settings were kept to a minimum of 100 to 200 Hz to appreciate the point of the Doppler signal returning to baseline.
We measured acceleration slope as the peak rate of accelera- instances, antegrade flow time was measured from the onset of antegrade flow to the point where the deceleration slope became parallel to the baseline (figure 2). We measured peak systolic frequency shift as the maximal frequency shift (kHz). The peak flow velocity (m/sec) was calculated from the peak systolic frequency shift by the formula:
where Af = the frequency shift, Cthe velocity of sound through tissue taken as 1560 m/sec, F, = the carrier frequency of the transducer (3 or 5 million cycles/sec), and Cos 0 the cosine of the angle between the interrogating Doppler ultrasound beam and the vector of blood flow. The RR interval was measured from the electrocardiogram (msec). Normalized val ues of the acceleration time and the antegrade flow time were obtained by dividing each of these variables by the square root 84 of the RR interval. The decision to measure the deceleration slope was made after the study was begun; this variable was measured in only the last 24 patients. In certain instances, the pulsed Doppler flow signal recording was not adequate to obtain a reliable measurement of one or more of the variables. When this occurred, this variable was omitted from statistical analysis. The presence or absence of a patent ductus arteriosus was determined during ultrasound examination and/or cardiac catheterization. In patients with coarctation, the peak systolic pressure gradient across the coaretation was determined at cardiac catheterization, or in those patients who did not undergo catheterization, by sphygmomanometer or Dynamap. To determine intraobserver and interobserver variability, two observers separately reviewed the Doppler flow signals of 20 randomly selected patients.
Statistical analysis. Variables were checked for normality by the Kolmogorov-Smirnov test. Ascending aortic measure-CIRCULATION 11 .:
ments of the control and coarctation groups and the descending aortic measurements of the control and coarctation groups were compared by the unpaired t test. For each individual, the measurements in the ascending aorta were compared with their corresponding measurements in the descending aorta by the paired t test. This was done in patients with and without a patent ductus arteriosus. The Bonferroni correction for multiple comparisons was applied to the results of all t tests.9 Discriminant analysis was performed, with the corrected acceleration time and the acceleration slope, to best separate normal subjects and patients with coarctation.10 Spearman rank order correlation coefficients for acceleration slope, acceleration time, antegrade flow time, peak systolic frequency, peak velocity, and deceleration slope were used to measure the association between the gradient across the coarctation and these variables. Intraobserver and interobserver variability was determined by calculating the coefficient of variation,11 which was expressed as a positive percent. For intraobserver variability, measurements for three consecutive cycles were obtained, and means and standard deviations were calculated. The intraobserver coefficient of variation was equal to the standard deviation divided by the mean. The interobserver coefficient of variation was equal to the difference between the mean measurements obtained by the two observers divided by the mean of these two measurements. All values are expressed as mean and standard deviation.
Results
Doppler flow signal measurements were reliable and reproducible. Our interobserver variability was comparable to that reported by Gardin et al. 12 : peak systolic frequency, 3.8 ± 3.0%; antegrade flow time, 6.3 ± 5.9%; acceleration time, 11.1 + 12.8%; acceleration slope, 12.5 + 11.6%; deceleration slope, 15.5 ± 11.0%. Our intraobserver variability was similar: peak systolic frequency, 3.6 ± 2.7%; antegrade flow time, 6.0 + 3.8%; acceleration time, 10.5 + 7.8%; deceleration slope, 15.2 + 9.6%; acceleration slope, 20.6 + 10.0%.
We found that the pulsed Doppler flow signal in the descending aorta of patients with coarctation was significantly different from both the flow signal in the ascending aorta of patients with coarctation and the flow signal in the descending aorta of normal subjects (table 1). In comparing the descending and ascending aortic flow signals, we found significant differences in patients with coarctation that were not present in normal subjects. The acceleration slope, deceleration slope, and peak velocity were decreased, and the antegrade flow time and acceleration time were prolonged. In comparing the descending aortic flow signal of patients with coarctation to that of normal subjects, the acceleration slope was reduced to approximately onequarter of that in normal subjects. In addition, the corrected antegrade flow time and acceleration time (corrected and uncorrected) were significantly prolonged, and the peak systolic frequency and peak velocity were decreased. In the ascending aorta of patients with coarctation, only one of these measurements (corrected acceleration time) was significantly different from normal subjects. We performed discriminant analysis between normal subjects and patients with coarctation, using the two measurements from the descending aorta that had the least amount of overlap between the two groups: ure 4). With the corrected acceleration time, there were five patients with coarctation who overlapped with normal subjects ( figure 4, A) . With the acceleration slope, there were six patients with coarctation who overlapped with normal subjects (figure 4, B) . The derived best discriminant function was z = 0.048 x [acceleration slope] -7.80 x [corrected acceleration time]. Discriminant analysis showed that five patients with coarctation overlapped with normal subjects when the combination of corrected acceleration time and acceleration slope was used. By this analysis, there were no false positives and only five false negatives, giving a sensitivity of 85% and a specificity of 100%.
The angle of insonation was significantly smaller when measured in the ascending aorta from the suprasternal notch than in the descending aorta from the subcostal view. However, there was no significant difference in the angle of insonation (theta) between patients with coarctation and normal subjects.
Eight patients with coarctation also had a patent ductus arteriosus (table 2). In these patients the antegrade flow time was nearly identical in the ascending and descending aorta, whereas in patients without a patent ductus arteriosus, this was significantly prolonged in the descending aorta. In all patients with coarctation (with and without a patent ductus arteriosus), the acceleration slope, acceleration time, peak systolic frequency, and peak velocity in the descending aorta were different than in the ascending aorta. However, because of the small number of patients with a patent ductus arteriosus, these differences did not reach a level of statistical significance in these patients.
There was no significant correlation between the gradient across the coarctation with the acceleration slope, acceleration time, antegrade flow time, peak systolic frequency, peak velocity, or deceleration slope.
Discussion
Significant differences exist in the pulsed Doppler flow signal in the descending aorta compared with the ascending aorta in patients with coarctation. These differences are not seen in normal subjects. In addition, significant differences exist in the flow signal in the descending aorta of patients with coarctation compared with the flow signal in the descending aorta of normal subjects. These differences reflect the differences that exist in the descending aortic pulsations in the obstructed compared with the unobstructed aorta. The characteristics of the Doppler signals reflect graphically the physiologic changes that occur in descending aortic flow, the findings on physical examination, and intra-aortic pressure tracings. There is dampening of the aortic flow signal with decreased acceleration and peak velocity. This is manifested clinically by the findings of radial-femoral delay, and diminished pulses distal to the coarctation.
In patients with coarctation, abnormalities are present in many of the measured variables in the descending aortic Doppler flow signal. However, the corrected acceleration time and the acceleration slope are the best for discriminating patients with coarctation from normal subjects. In all patients with coarctation, the acceleration slope, acceleration time, peak systolic frequency, and peak velocity in the descending aorta are different from the corresponding measurements in the ascending aorta. However, by measuring the antegrade flow time, one may be able to determine the presence or absence of a patent ductus arteriosus. Obviously, the degree of abnormality of the descending aortic flow signal in patients with coarctation and a patent ductus arteriosus will depend on several factors, including the severity of the coarctation, the size of the patent ductus arteriosus, the pulmonary arterial pressure, the cardiac output, and collateral blood flow. Because of the small number of patients in this study with coarctation and a patent ductus arteriosus, further investigation will be necessary to determine the reliability of using the antegrade flow time to predict the presence of a patent ductus arteriosus when coarctation is present. In a similar light, it is not surprising that the gradient across the coarctation did not correlate with any of the variables we measured because the gradient is also affected by many factors such as the severity of the coarctation, presence or absence of a patent ductus arteriosus, cardiac output, and collateral blood flow.
It must be noted that the majority of the patients presenting for assessment were small infants and children with prominent symptoms necessitating admission to the hospital and therapy. We encountered few infants and children with minor degrees of coarctation. We also did not evaluate patients after operative repair. Because of these features, we cannot determine how the Doppler signals of patients with mild forms of coarctation or with mild residual narrowing after surgical repair may appear. It is possible that the changes we describe primarily occur with the more severe forms of coarctation, particularly in view of the findings when a patent ductus arteriosus is present. Although the two groups were different with regard to age, we believe that this did not affect the differences between groups since we found no correlation between age and any of the measured variables in the descending aortic flow signal.
The intraobserver and interobserver variabilities in this study demonstrate the reliability and reproducibility of these measurements. Gardin et al. 12 reported the interobserver variability associated with the measurement of peak flow velocity, ejection time, and acceleration time in the Doppler flow signal from the ascending aorta. The interobserver variabilities in our study are comparable to their data. However, our method of measuring intraobserver variability was different from their method and therefore cannot be compared. In our study, to determine intraobserver variability we measured the variability associated with one observer measuring three consecutive cycles. Two factors affect this variability. First, when making measurements in three consecutive cycles, there is always some beat-to-beat variability. No two signals will be exactly the same, and this accounts for most of the intraobserver variability in our study. Second, modal signal appreciation is different for different complexes, and this accounts for some variability. The intraobserver and interobserver variabilities in the measurement of slope were greater than the other measurements. This is probably because rates of change measured by slope can vary greatly with even small measurement errors, so that these measurements may change quite dramatically when repeated. However, as can be judged by the figures and the data, there are much greater differences between patients with coarctation and normal subjects than can be explained by intraobserver and interobserver variability.
The pulsed Doppler flow signal in the descending aorta of patients with coarctation shows significant differences from both the flow signal of the ascending aorta of patients with coarctation and the flow signal in the descending aorta of normal subjects. We have found the information obtained from the pulsed Doppler flow signal in the descending aorta of such value that we consider it routine in the evaluation of all critically ill infants. The signals we have recorded from the descending aorta in patients with coarctation are visually quite different from those in normal patients ( figure 3 ). They are easy to record, even in small, critically ill infants in whom cardiac output is low and whose pulses may be difficult to palpate and blood pressures difficult to record, especially in the lower extremities. The Doppler recordings can be made serially, so that it may be possible to evaluate the response to therapeutic maneuvers (e.g., prostaglandins) or the results of surgery.
